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Item # 19 continued

quencies of the SC-cut resonators indicate that, over an operational temperature range
of =559C to +100°C, a clock accuracy of several millisecond/day should be attainable;
higher accuracy probably feasible with further development and greater sophistication.

2. Severe B-mode activity dip at some temperature within the test range of -55°C to
+100°C noted in most, but not all SC-cut crystals used in the test program.

3. Simple compensation for thermal shock effects shown to be beneficial and essential
to meeting above accuracy goal; practicality of compensation for residual hysteresis effects
will require further study.

4, Partial inadequacy of polynomial approximation for compensation purposes; if ultimate
accuracy is to be achieved, operational ECXO will probably require auxilary look-up table
in combination with a low order polynomial approximation algorithm.

5. Compensation capability does not appear to deteriorate significantly in low temperature
region (in spite of the severe C-mode frequency/temperature slope at the low temperature

extreme).
6. The phase-modulated resonance reflectometer used in this investigation offers a new, ) lf
valuable instrumentation technique in present and future crystal testing applicatioms. S
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SECTION 1

PROGRAM DESCRIPTION

1.1 PROGRAM BACRGROUND AND OBJECTIVES

Advanced military communication, navigation, and
identification systems are placing increasing demands for Ligher
accuracy, lower power dissipation, smaller size, and greater
reliability in component timing and frequency control systems.
TLe unique problem of attainable clock accuracy, for example, can
play a deciding role in the specification and selection of any
newly proposed identification system or communication system
using spread spectrum techniques. Any proposed tactical system
based on a clock accuracy that can only be obtained with an
atomic frequency standard is generally unacceptable. Similariy,
the power requirements of the conventional overn-controlled
crystal oscillator may be excessive in battery-operated
applications.

More than two decades of development effort have been
directed toward the development of temperature-compensated

)1'2

crystal oscillators (TCXO . These ovenless oscillators

attempt to maintain fregquency accuracy over a moderate

(1) 0.J. Baltzer, "Temperature Compensation of Transitorized
Crystal Oscillators", 1l2th Southwestern IRE Conference, Houston,
Texas; 2pril 22, 1960.

(2) V. Rosati, S. Schodowski, and R. Filler, "Temperature
Compensated Crystal Cscillator Survey and Test Results", Proc,

37th Appual Frequency Coptrol Svmposium; 1983, pp. 501-505
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temperature range by using a temperature~sensing element and a
voltage~variable capacitor (varactor) to shift or "pull®" th
oscillator frequency in a direction to counteract the natural
frequency drift of the crystal. Currently available TCXO
oscillators can employ analog, digital, or even microprocessor
elements for the compensation circuitry. The basic accuracy and
stability of all conventional TCXO devices is limited, however,
by the varactor and the basic TCXO concept itself.

This traditional approach--forced internal tuning of the
oscillator--introduces operational and performance problems into
any tactical system requiring highest accuracy TCXO timekeeping
capability. Portunately, there is growing recognition of an
alternative technique-—one in which the required tunability and
time adjustment functions are obtained by means external to the

oscillator: (3)

"'/'ery. frequently, tha systam cesigner iz confromead vith a2 rsec =2
provide for ‘requency or time (phase) adjuszadility. In zhe rasd,
more often than not it appeared aasiest 0 the syetam fegigrer =o
cpcqr.fy an Wla Prequency standard or clock. Cryscal
24vices can e made tunable by adding a capastitor in sarallal ov
17 38™e8 to ths quarts crystal resomaror. ITumabilizy <8 shen
achigved by varying the valuse of thia cavacivor mechanieally or
elactrically (varzctor)... . )

In most cased, rowever, it 18 overlooksd that the addizion oFf

twnability affects the basic operarion of the ‘wecugncy seancers R
or clack.in a devrimental uay. Frequency standardis Zarive shgir
1igh evadility and accuracy ‘rom the Ffact *har the essential S
sontmol slement, the quarcz crygtal resomg=or om she zeomio

resonazor, nas 2 righ resomancs J, md shat +their ~escncnce

JTequency i3 mighly invamianr with sime or azza™mal sarzmesan
snanges. The 2dditidom of 2 tuning savacizor, in she xse o R
sryetal secillators, or the rovision “oe mmomesia “Call varaiile R
<%y in che xse of aeomic ~esomazors, virtually zluays Zac~aias S
she _;:cr:’owmcc by croviding 2 direes coupliing of zhe =~asorgzer <o B
va™ytng exzarmal nruences... . )
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I+ <3, shererore, useful to zssert that large *furmabilicy =nd
8Tata=0r-the-art per’ormance in Frequency stancards = slocka cve
incompatidle, and %0 the best of the zuthors' <nowladse “cve raver
been sarisfactorily combingd. In other wonid, we have =he ===icm
that tunability causes datariorztion of clock ond cscillasor
performance. Instead of requiring the clock mowufacturer =o
cuppl.y a funabld, superprecision ciock, syetam Zesigners shouls
congider implamenting tunability by means asteral to the acTuc.
clock. To this end, frequency turability sen be 2chieved sy
adding an extsrmal direct syntheésizer or 2 sacond tunzdla
oscillator with a eynthesiaing loop. If phage or time ad;ustmenc
ie destred, extem™al phase ahifting by digital or calog means
should be the method of choics.”

This concept of "external phase shifting by digital or
analog means" can obviously be extended to an oscillator
requiring temperature compensation. Should the resultant device
be called a "TCXO0"? Possibly. However, to avoid confusion with
the traditional TCXO involving internal control by means of a
varactor, the terminology "externally compensated crystal
oscillator (ECXOQ)" appears preferable for any class of crys:al
oscillator in which frequency tunability of phase/time adjustment

is obtained by means external to the crystal oscillator.

(3) B, Bellwig; S. Stein and F, Wells, NBS; A. Rahan, RADC
Sanscom AFB, "Relationship Between the Performance of
Time/Frequency Standards and Navigational/Communication Svstems,"

Broc. 10th Annual PITI, 1978, pp. 37-53,
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i In late 1979 Tracor was awarded an Air Force contract
(F41608~78-G-0063 SGO01C3) to study the "Constancy of the Center
Frequency" for the United States' concept of the NATO

l Identification System. It soon became apparent that accurate

| clock performance was a critical factor in determining the

E ninimum useable code validity interval and related sychronizaticn
i requirements in the program. In search of a sujtable clock

b candidate capable of accurate, ovenless coperation over a -55°C to

+ 85°C range, Tracor recognized the unique and important

advantages of the ECXO approach over the traditional TCXO design.

The earliest ECXO design considered by the Tracor team was

fairly conventional, It was based on an AT-cut crystal

oscillator with a standard thermistor used as the crystal's

temperature sensing element. However, whereas in conventional

TCXO units the thermistor is used to control a varactor withirn

the oscillator's tuning circuit, the Tracor design proposeé the

utilization of the thermistor to control the clock's timing

output by means of a digital divider/phase shifter external to

the crystal oscillator.

During this study, Tracor also became aware of new

developments in SC-cut crystal technology, including the

significant, but at that timne, little recognized, experirental

work at Hewlett-Packard into the use of the temperature-sensitive

...............................
------------------
...........
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B-mode frequency of an SC-cut crystal--using the ECXO

concept-—-for temperature compensation of the concurrernt C-mode

frequency.4's
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Although this original Hewlett-Packard experimental study

was limited to several laboratory oscillators using the dual

e o
(it

.

. e o

B-mode and C-mode of operation, with testing restricted to the
0°c to 40°C range, the Tracor staff recognized the tremendous
tz potential of this work. Accordingly, in submitting a Final
- Report to the U.S. Air Force on the proposed NIS tactical
A identification system, Tracor strongly recommended that further
ki research and development be directed toward the ECXO concept as
an alternative to the conventional TCXO.

In June, 1981, the Electronic Systems Division, Air Fcocrce
Systems Command, Hanscom AFB, awarded Tracor a contract (Contract
F19628-81-C-0087) to test and evaluate an externally compensated

oscillator (ECX0) utilizing dual mode frequencies of an SC-cut

resonator as the means of temperature compensation. The first

phase of the contract program included a study anc investigaticn
of the behavior and inter-relationship of the dual B-mcde and .fij
C-mode frequencies of various SC-cut resonators under varying

temperature conditions (with data to be taken at temperatures

(4) J. Kusters,. M. Fischer, and J. Leach, "Dual Moce Operation of -
Temperature and Stress Compensation Crystals”®, Proc. 32nd Anrual :
Svmposium on Frequency Control, pp 389-397, 1978

o Lt e,
bk NN

{(S§) U.,8., Patent 4,079,280; "Quartz Resonator Cut to Compensate
for Static and Dynamic Thermal Transients", J. Kusters, J. Leackh, C
M. Pischer: ¥arch 14, 1978 -
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ranging from -55°C to +100°C), together with the delivery of two
ECXO test oscillator units. This research program was performed
during the peried 1 June 1981 - June 1982, Subsequertly, under
an optional task statement, the contract was extendec to include
further investigation into hysteresis, re-traceability,
stability, and aging characteristics of dual mode operation under
controlled temperature cycling and intermittent operation. This
portion of the contract work covers the period 1 January 1983 -
31 December 1983.
1.2 ACKNOWLEDGEMENT

This work was performed under the supervision of Dr. C.J.
Baltzer, Principal Investigator. Mr. Charles S. Stone,
Brightline Corporation, under a consulting agreement with Tracor,
Inc., had major technical responsibility throughout the project,
including the design of the instrumentation system used in the
investigation and the design, subsequent modification,
calibration and testing of the ECX0O units. Charles Baltzer
developed the digital portions of the ECXO design, including the
preparation of the compensation look-up table and syntonizaticn
algorithms. Robert L. Nelson was responsikle for a study
exploring the feasibility of the hardware implementaticn of an
ECXO system, as an alternative to a microprocessor
implementation. Clement Ip undertook a large share cf the
environmental testing and measurement of the B-mode and C-moce
frequency characteristics of the various SC-cut quartz rescnators

tested; he also participated in the software developrient of
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Monmouth, N.J. The authors are also deeply indepted to Mr. .
William F. Donnell, Tracor Program Manager, and Mr, Alfred Kahan, i
RADC/ESE, for their many helpful discussions and their assistance
and constant support throughout the contract program.

- R

7 1-7 g

i

p, R

L LN L L e P o

[ T, P WL . TS PP R NPT P S . S - A. N )’ . ) * SRS TT k.-\.-L‘.k.‘L-.A-' [l B B g““ : ':‘.-" a e




SECTION 2
DISCUSSION OF THE ECXQO CONCEPT

2.1 ADVANTAGES OF THE ECXO APPROACH

o
RO

P T T
AR

Virtually all of the crystal oscillators currently usec in T

’
‘ol

communication applications attempt to achieve accuracy in
time/frequency by means of internal freguency control ('tuning')
of the oscillator itself. 1In the case of oven-controlled crystal
oscillators (CCXO), the guartz resonator is maintained at a
constant temperature close to its frequency turning pcint;
consequently, only vernier frequency tuning is then recuired.
However, in the case of ovenless temperature-compensated crystal

oscillators (TCXO) utilizing internal frequency control, the

i
L e
A tbdia, PP U T Y

problem is more severe. The gquartz crystal is deliberately
"pulled”™ off of its natural frequency resonance, often by an *;f
extreme amount, to compensate for the temperature-dependent

characteristics of the quartz crystal. The required 'tunability'

is only obtained at the expense of instability ané loss of

accuracy. As a result of this intrinsic limitation, even though
much research and development effort has been given to tlhLe
conventional TCXO approach for more than two decades, currently R
available TCXO units fall far short of providing reliable
frequency accuracy over any extended temperature range or
interval of time.

The external compensated crystal oscillator (ECXO) agpproach,

in contrast to the conventional TCXO, retains the intrinsic f35

stability and accuracy inherent in quartz crystal itself. This
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is achieved by utilizing external adjustment of the output signal
rather than interrnal 'pulling' of the guartz crystal element.

Tracor has applied this principle (external compensation of
a crystal cscillator, under microprocessor control) for many
years in various models of the Tracor airborne Omega navigation
system. An oven controlled precision OCXO is used as the clcck
for the computer and as the reference phase source for
neasurement of all received signal phases. The OCXO accuracy is,
however, orders of magnitude away from that needed for OMEGA/VLF
navigation. To compensate for oscillator inaccuracy, the
microcomputer makes repeated measurements ¢f the clock coffset,
based on all of the received-signal phases. These measurenents
are used both to correct the phase ('time') of the clock and to
determine its phase-rate ('freguency drift') error in a
second-order tracking loop. The corrections thus obtained are
not applied directly to the oscillator, which is allowedé to run
freely; rather, they are employed entirely within the computer to
produce the effect, external to the oscillator, of much greater
accuracy. The present project differs in part from the CMEGA/VLF
compensated OCXO oscillator in that it involves direct
temperature compensation of an ovenless oscillator, operating
over a wide temperzture range.

The current feasibility of high accuracy, low power,
ovenless ECX0 is largely made possible by technological aavances
and development in several distinct areas:

1. Development and availability of rew quartz rescnators {(e.c..,

2-2
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SC-cut) with radically improved performance features:;

2. PRecogniticn of the B-mode frequency (in SC-cut crystals) as a
highly precise, digital thermal sensor;

3. Recognition of the external compensation approach as the
proper means of achieving improved time/frequency accuracy.

4. Significant advances in microprocessor technology.

The properties and advantages of the doubly-rotated SC-cut
quartz crystal are well known and have been wicely descrikted in
various papers in recent years. Only a brief summary need be
given here. The major advantages cited for C-mode operation with
SC-cut crystals, relative to an AT-cut crystal, include:
improved freguency-temperature characteristics under both static
and dynamic conditions; insensitivity to thermal transients;
reduced sensitivity to acceleration (attitude, shock, and
vibration); and freedom from activity dips.

One potential problem with the SC-cut crystal is the B-mode
of oscillation, some 10% higher in frequency than the C-mode. In
most oscillator applications, the B-mode is unwanted and
suppressec-~either by greater oscillator circuit complexity or by
use of a crystal design which increases the resistance of the
B-mode of oscillation considerably above that of the desirec
C-mode. In the ECXO application, however, the B-mode freguenc;
is purposefully used as a precise means of measuring crystal
temperature directly.

Other disadvantages cited for the SC-cut--in ncn-ECXO

applications--are the manufacturing difficulties of ccntrolling

4
'
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the temperature turning point, inflectiocn temperature, and the

E finishing freguency tolerance to the required accuracy. Another »
disadvantage, in non-ECXO applications, is the "stiffness" of

f SC-cut crystals, particularly of 3rd or Sth overtone types; it is

difficult to trim these resonators by the conventional capacitor

’

tuning adjustment method. Fowever, the compensation technigues l"
used within the ECXO provides a versatile means of frequency }if
adjustment, even for SC-cut crystals which have been finished to ::i
very loose manufacturing tolerances. The finished frequency anc |
the turning point temperature of any ECXO crystal can vary
considerably from the nominal design values without any ;-~
degradation in accuracy of performance (for example, an ECX(Q with
an oscillator frequency offset 2s large as = 1 x 10'3 can be
adjusted to within £ 1 x 10'9 of the correct clock frequency--a ;;;i
compensation factor that is utterly unattainable with analog T
compensation methods).

With the externally compensated crystal oscillator apprecach, ;JL;
the oscillator can be expressly designed for maximum performance .5?'
(highest Q, highest stability, etc.) without any requirement for E;i
the inclusion of a varactor or other element that micht affect ;1
ultimate stability. '

The ECXO concept reed not be restricted to temperature
compensation (although this, generally will be a major

objective). The compensation can be extended to other

measureakle or predictable parameters. For example, the guartz

crystal need not be manufactured to a tight turnover terperature
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or finishing tolerance (an advantage if SC-cut overtone crystals

are to be manufactured at a reasonable cost). Any fixed

frequency offset, either injtially or observeé at a later

calibration date, can be readily removed.

Pinally, the long~term frequency drift (aging) observed in
high stability quartz resonators frequently proceeds at a nearly
uniform, systematic rate. ' This leads to the possibility that a
microprocessor ECXO can be programmed or calibrated to provide
some measure of compensation for systematic aging.

The remarkable and continuing advances in solid state
technology and microcomputer components opens up the feasibility
and practicality of a moderately sophisticated ovenless ECXO
system capable of reliable, accurate operation at very low power :
(say, less than 20 milliwatt). The power dissipation in CHMOS —
integrated circuits is the sum of the quiescent (d.c.) anc tlLe
dynamic (a.c.) components. The quiescent component becomes
significant only under conditions of high temperature and high iy
voltage; fcr example, the quiescent dissipation of a complex MSI o
device such as the RCA CD4516B Presettable Up/Down Counter
approaches 1 milliwatt at +85°C with a supply voltage of +5Vdc.
The dynamic dissipation, on the other hand, of this counter has a
typical value of roughly 10 milliwatt at a clock freguency cf I{?;
SMHz for the same +5Vdc supply.

The dynamic power in CMOS circuits is roughly proporticnal -
to the product £ x Vz, where f is the input frequency and V is ?ﬁi

the supply voltage. Thus, a 5:1 reduction in power dissipation

------

...................




............

can be achieved if a digital counter c¢r CMOS microprocessor is
operated at 1 MHz instead of £ MHz. Cperation at reduced suppily L L
voltages also lowers power consumption, and, consequently,

deserves consideration. The higher power consumption will

undoubtedly occur at the input digital counter/freguency divicer

stage in the C-mode channel; the B-mode frequency channel can bte
heterodyned to the lower difference freguency (B-C) before any
digital frequency division process need occur, thereby lowering .ol

its power requirements. Once initizl frequency division (say,
by a factor of 16 or more) has been achieved, the remairing

digital circuits, including the microprocessor and PRCM memory,

will not add significantly to the power budget.

2.2 Externally Compensated Crystal Oscillator (ECXQ) Develcpment
The initial Tracor ECXQ0 is shown in simplied klock diagrar

in Figure 2-1. This unit used an SC-cut crystal ocperating at

dual C-mode (10.23 MHz; 3rd overtone) and B-mode frequencies.

The C-mode frecguency is passed through a digital phase shifter (a

programmable frequency divider which is controlled by the MPU

microprocessor) and is further divided to provice time~correctec

1 pps and 1 kHz output signals. The temperature sensitive B-mode

™ e
Lt
AL AN
e

frequency, fb' is down converted to the difference freguency

A ;
s b

(fb—fc) bty the digital mixer (fb-fc). The measurenent of (fb-fc),

in place of fb' can be performed with a simpler lower frecuency
counter, thereby enabling a saving in power consumption. The

time base for the frequency counter is derived by division from ‘ﬁfﬁj

P
PR

the time-corrected C-mode frequency. The measured value of

2-6
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1
(fb-fc) is used by the microprocessor to adjust the C-mcde ,é
j frequency in accordance with a previously established calibraticn 4~;
curve. ;é
- The time/frequency adjustment is implemented by adding or ‘ ;f;%
i deleting counts in the digital phase shifter. The size of each iigl
step is roughly +2 microseconds (the basic 10.23 MHz cscillator
frequency is divided down to 501.2 kHBz because of frequency
: limitations of the microprocessor (MPU) used in the unit). A #2
. microsecond correction can be made each millisecond; accordingly,
the system is able to handle frequency offsets as large as #2 x
E 1073,
ﬁ: It must be noted that a digital ECXO of this simple type
;; produces discrete phase steps, rather than a continuous phase
% rate, in the output waveforms. A +2 microsecond quantization

error will be negligible in most real time/clock applications.
It will affect, however, the required length of "calibration"
time to achieve a specified clock frecuency accuracy (e.c.,

approximately 100 sec. of time is required for syntonizaticn t¢

+2 x 1078, etc.).
- The Tracor ECXO includes microprocessor hardware and R
' .

) software features to facilitate automatic synchronization and T
iy frequency re-calibration of the system from an external 1 Ez S
N reference signal pulse., It is merely necessary to connect a 1 RO
4 R

pps time standard to the unit. The microprocesscr accepts an N,
- incoming signal as a "valid" calibration source only if it neets .

. .
- certain criteria with respect to amplitude, frequency tclerarce, .
)
~ --.

.:::
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and absence of jitter, thereby avoiding any possibility that the
i unit will attempt to synchronize on a noisy or incorrect signal.
The software is designed such that the frecuency calibration
accuracy continues to be refined throughout the time interval
i that the calibration source is connected to the unit.
The breadboard ECXO uses the Motorola 6802 CPU
microprocessor (with 64 bytes of internal RAM), in combiraticn

with a Motorola 6840 timer chip, for the major control, logic,

and counter/timing functions. The instruction program and the
compensation look-up table values are stored in a standaré EPRCHM
-. memory (a 2716 NMOS 2048 x 8-bit UV eraseable PROM). Several low
power Schottky integrated circuits (e.g., 74LS74, 74LS390, etc.)
are also used for auxiliary gating and buffer amplifier purposes,
% The required temperature compensation pattern for each
SC-cut crystal was individually determined by means of
E calibration in a temperature chamber. To collect the raw data

i from which the look-up table was prepared, simultaneous readings

of C-mode and B-mode (or, alternatively, fb-fc) freguencies were
taken as the temperature of the environmental test chamber was
cycled over the full temperature range (the exact temperature
need not be known since temperature only enters parametrically
‘. into the fb-fc frequency ratio). For the case of the two ECXC
units, it was found that the raw data for each SC crystal
approximated a cubic equation. & general purpose mini-computer 'f
was used for verifying this and for determining the ccefficients :

of the resultant cubic equation. The irndividual compensaticn
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values to be programmed into the PROM lock-up table were then
l determined, again with a general purpose computer, soO as to Do
properly match the cubic equation at selected intervals along the ii?
2 temperature range. ‘ :ig:
I The compensation algorithm within ECXO memory provides a fw
linear interpolation procedure between the discrete points stored

in the table. The table incorporates some 200 points, each 16

bits in length.

Computer simulation of the compensation algorithm was ucsed
to demonstrate that the total compensation program would operate
). satifactorily, without introducing any significant systematic or .

random error in either clock frequency or timing over extended .

intervals. These computer simulation runs demonstrated that the
i compensation algorithm in itself would introduc; consideratkly
less than 1 millisecond time error cver a 24-hour operating

interval in a typical temperature environment. -

. Initial testing of the two demo units under fluctuating room
ambient conditions indicated that a timing accuracy of better i;ﬁi
than tl1 millisecond could generally be maintained for 1-3 days

.; after time sychronization and freguency re-calibration,
Re-calibration was performed by means of a laboratory standarc 1

=10 or better. In sore -EZG

pps signal having an accuracy of +1 x 10
‘ instances a systematic drift of several parts in 109 was observed
throughout the test period; in other runs the time error appeared . 5;A_
> to follow a random walk pattern, with the apparent frequency E:i

‘ fluctuating over a range of approximately #2 x 10"8 durirg a

e
Al
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several-hour period.

Subsecuent environmental chamber testing of one of the units
several months later showed, however, an inexplicable freguency
offset of perhaps 1 x 10'7. The guestion then arose whether the
deviation was due to an intrinsic change in the B-mode or C-rode
resonant frequency of the quartz crystal or to a change in sore
circuit component. To resolve this crucial question it was
decided that basic measurements of the B-mode and C-mode

frequency characteristics of SC-cut resonators were prerequisite

to the ECXO program.
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SECTION 3

INVESTIGATION OF DUAL MODE (B & C) FREQUENCY
CHARACTERISTICS OF SC-CUT CRYSTALS
3.1 INTRODUCTION

The early ECXC used a modification of the familiar Butler
i oscillator circuit for simultaneous excitation of the B-mode and
C-mode frequencies. There is an inherent problem in any active
feedback type of oscillator that attempts to generate two
E independent frequencies from a dual mode crystal. Frequency
selective networks must be employed to separate the modes andé tc
prevent undesirable interaction between the individual frequency
modes. The electronic parameters of the components used in the
frequency-selective feedback loops will show some residual drift
with time and changes in environmental conditions. Consequently,

the long-term stability and aging characteristics of any

conventional oscillator used in a dual B-mode and C-mcde
resonator application can be questioned.
3.2 TBE PEASE MODULATED FREQUENCY DOMAIN REFLECTOMETER

A review was therefore made of alternative methods for
laboratory investigation of the B-mode and C-mcde freguencies cf

precision SC-cut resonators. As a goal, such instrumentation

®
" should be able to provide a significantly hicher level of ‘
EZ measurement precision (say, by a factor 10 or more) than that ’f
&i required in an operational ECXO. An instrumentation svster ]
’
9

employing a unique phase modulated, frequency-lock reflectcreter

was selected; Figure 3-1 shows the basic concept. The crystal is

PR
PP s

used here as a passive resonator in a frequencv-lock servo
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"A Frequency -~ lock System for

Improved Quartz Crystal Oscillator Performance,
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on Instrumentation and “easurement, Vol. IM-27,
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oscillator system. The acvantages of this systen include: (1)
the crystal resonator may be remotely located (e.g., in an -
environmental test chamber) away from the rest of the
instrumentation; (2) significantly improved immunity to component
parameter values; (3) the potential for almost complete freedon
from interaction between the C-mode and B-mode portions of the
ECX0O; (4) the ability to achieve accurate, repeatable crystal
reasurements and a quality of temperature compensation that is
limited only by uncertainties intrinsic to the resonator; and (&)
the ability to maintain a specified, constant level of
independent excitation for C-mode and B-mode freguencies without -
a requirement for AGC.

An external, independent voltage-controlled oscillator
generates a carrier frequency, fc’ in the vicinity of the crystal -
resonant frequency. A small phase modulation,+a ¢ , is applieg,
and the resultant phase modulated signal is used to interrogate
the crystal resonator. The reflected signal from the resonator, ;;;
after passing through an isolation amplifier, is amplitude
detected by a diode and capacitor filter. An amplitude
modulation, at the modulation oscillator frequency, is observed
in the detector output whenever the carrier frequency cdiffers
from the resonant frequency, fr' of the quartz resonator. The
sense and magnitude of this detected amplitude modulation degencs
upon the frequency deviation of the voltage-controlled oscillator
from the center of crystal resonance.

A phase sensitive detector is used to provicde a d-¢c error




Bl |

signal proportional to the frequency offset of the oscillator.
This error signal, after suitable low pass filtering, is used to —
servo control the oscillator, thereby frequency-locking tthre Ejﬂ;
oscillator to the crystal resonant freguency. :
It will noted that Figqure 3-1 utilizes a directional cougler L
(or four-port hybrid transformer) for coupling the phase
modulated input signal to the quartz resonator. The use of the
hybrid transformer enables good isclaticn to be achieved between L
the input to the crystal and its reflected output signal.
Dual mode operation from a single resonator can be cbtained
by utilizing separate frequency-lock oscillators for the o
individual C-mode and B-mode frequencies (Figure 3-2).
Interaction between the two modes can be eliminated by using .iax

separate, non-related modulation frequencies for the phase

modulation/demodulation processing, together with good low pass -;il
filtering in the servo control loop. E?_”
A better understanding of the operating principles of the Co

modulated system can perhaps be otained from the vector ciagrams
of Fiqure 3-3,. Rl and Rz represent the successive vectors
associated with the incident signal as the result of the square
wave phase modulation process; Sl’ 52 and C represent the - -
equivalent sidebands and carrier components for this phase lﬁip
modulated signal. The corresponding reflected components are
shown on the right. The crystal resonator unit appears as a very

high impedance (highly reactive) for all frecuency components

even slightly removed from resonance; accorcingly, the reflectec

...........
......
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sideband cormponents, S'l and S'z, are virtually equal to the
incident components, Sl and 52' and maintain the same 180°
relationship to each other. It is the carrier comporent that
changes in magnitude and phase as the crystal resonant frecuency
is approached. At resonance, there is likely to be a residual
reflected component, C' (as the result of any nominal mismatch
between the ESR of the crystal and the hybrid terminaticn
resistance R,). However, this C' component (at resonance) is
orthogonal to the sideband component vectors so that the
resultant vectors, R'l and R'2, are equal in magnitude. Away
from resonance, the reflected carrier component (C'' or C'f!')
increases in magnitude and undergoes a large phase shift;
accordingly, the two vectors, R'l and R'z, are no longer eqgual in
magnitude and, consequently, an error signal is generatecd in the
synchronous demodulation process.

The length of the interconnecting cable between the gquartz
resonator and the balance of the instrumentaticn does not
materially influence the measured resonance fregquency if the
hybrid bridge is properly terminated to match the cable
impedance. An ideal, non-dispersive cable would affect the
carrier and sideband freguency components in an icdentical manner,
thereby producing no change in the relative magnitude or phase of
the detected vector components. Furthermore, for moderate
lengths of commonly available transmission cables, the dispersicn
effect is quite small and can generally be neglected, This has

been confirmed in simple tests wherein an additional 5C feet of

3-6
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RG-58U cable has been inserted between the resonatcr ané the
reflectometer bridge; without using extreme care in acdjusting the
N hybrié¢ termination, a frequency deviation of less than 5 x J.C.S

was observed.

3.3 DATA ACQUISITION AND ANALYSIS INSTRUMENTATION

Figure 3-4 shows the measurement system used during the
early phases of the project. A brassboard dual channel
reflectometer enabled the measurement of the B-mode and C-moce
resonant frequencies of the SC-cut quartz crystal to a precision
of +2 x 10”7, The crystal resonator, together with the hybrid
transformer, was remotely located within the environmental test
chamber. Standard RG-58U coaxial cable, approximately 5 meters
in length, linked the crystal resonator to the reflectoreter. —

A timer, with a total cycle time adjustment between 1-10
minutes, controlled the multiplexer (MPX). During each cycle thre
two R~F frequencies were sequentially switched in the pattern: E —
(for 1 second duration); C (for 3 seconds); and B again (1 fjfﬁ
second). The first and second B-frequency values were averacec -
together to provide an "interpoclated" B-mode reading natching tre
time frame of the intermediate C-reading. Simultaneous D and
C-mode reacdings with two counters would have cobviated tlis
regquirement for a multiplexer and dual B-mode readings.

The HP-5335A is a highly versatile counter that provices a

- precision and resolution of + 2 x 107°

-

for a gating interval orf 1 =

SO
. )
‘Q '! v

’ .
. f"./.'.'. .'

second. The 3-second interval for the more critical C-mcae

.......................................
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frequency enables a counter measurement precision in excess of 1}

X 10-9. All data throughout the project were taken relative to a

laboratory reference standard having an accuracy of #2 x 10'? cr
better (using periodic calibrations based on Loran C signal
reception).

In the early work the individual frequency readings were
simply outputted from the counter onto a paper tape printer.
After completion of a full temperature run, the tape data were
visually read and manually keyed into the HP-87 computer fcr

permanent storage and analysis.

Discrete frequency-temperature data of this type can be

analyzed in various ways. The approach which appears to be most
s useful involves determination of the frequency deviation of the

:i data from an assumed power series polynomial of the Mth degree.

= It is known that the frequency-temperature cependency of the
- C-mode frequency can be reasonably approximated with a cubic
equation. However, with the powerful computer techniques s

available today, it is readily possible to utilize a higher

PRSI ¢

D
N

degree polynomial expansion, if this will provide more useful
interpretation of the data.

All of the data in the subsequent secticn are preserted ir

nang

' terms of the residual frequency deviation of the individual data if;
3 .
- . : . . . N S

- points from an "ideal" or predicted power series polynomial of Y
- .

the form A

p A + A + A 2 ® " 80 00 A N :-:\‘;:‘]

= Ve

o 1% QX"+ + Agx (Eg. 1) NG\

. -\-,

where P is the predicted frequency and x is a fwi{

MR
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temperature-dependent frecuency variable (e.g., the B-C frecuency
difference) that forms the basis for the temperature comgensaticn

tecknique. The individual polynomial coefficients in the series

e

can be computed by employing standard regression technigues on a
selected set of C-mode and (B-C) freguency data pairs. (The
software program "REGR/2107' in Appendix B of this Final Repcrt
utilizes this capability).

It might be noted that deriving a high order pclynomial
(e.g., N = 5 or higher) from a large number of data pairs
requires considerable computer time and, in addition, places scme
burden on computer accuracy if the magnitude of the variable, x,
is too large. Consequently, the B-C frequency value is gererally
cffset and reduced by an arbitrary constant in estatlishing the
variable x used in Equation 1.

Figure 3-5 shows the improved automatic data logging systern
employed during the later stages of the project. This
configuration utilizes the HP-IB (IEEE-488) Interface Bus for
system control and transfer of data, The HP-87 computer forms
the "controller®” for the system and, in addition, can be used for
preliminary plotting and analysis of the raw data on a real-tinm
basis. For this purpose it is merely necessary that the operator
insert an appropriate set of polynomial coefficients for thre

particular crystal(s) under test. The computer will then print

out and graphically plot, on real-time basis throughout each
temperature run, the freguency deviation of the successive C-mcce

frequency values from the predicted polynomial. The progran
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listing, ‘DATA/PLOT', in Appendix C gives the actual program used
4
-~ -
I for (a) controlling the reflectometer and counter gating; (k) _
storing the raw data sets cn disk; (c) cperator inputting of the

polynomial coeifficients; (4) hard copy printout of the

l individual "raw" frequency data and time; (e) printout of the
frequency deviation, A f/f, of the C-mode frequency from its
corresponding precdicted value based orn the assumed polynomial

. approximation; (f) a plot of these same frequency deviation

values on the CRT terminal; and (g) on command, a "dump” of the

resultant CRT graphics display onto the printer/plotter.
i 3.4 TEST RESULTS
The present investigation into the behavior and
interrelationship of the dual mode freguency characteristics of

SC-cut quartz resonators has demonstrated the tremendous

potential of the dual mode ECXO in low power, ovenless clock
driver and timing applications. All results obtainedé to date,

i although limited to a relatively small sample of SC-cut crystals
from several suppliers, indicate an attainabkle frequency accuracy
of several parts in 108 over the full military temperature range

) of -55° to +85° (corresponding to an equivalent clock accuracy

of several milliseconds/day or better). This approaches a

100-fold improvement over that obtainable irn practice with a
i varactor-type TCXO over the sanie extreme temperature range. It if:l

must be noted, of course, that the any accuracy value given here ~

is based solely on the intrinsic stability of the dual mode R

, quartz resonator that forms the nucleus of the ECXC; however,

3-12
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with further research, it should be possible to develep suitatle
oscillator and associated microprocessor circuits that do nct
naterially degrade the intrinsic resorator performance.

A total of several hundred thousand data points, covering
more than fifty separate environmental test chamber runs, were
probably logged during this investigation., Many runs,
particularly during the early months of the work program, were

. duplicated to ensure that the instrumentation was working
properly and that valid results were being obtairned.
Accordingly, only a small, representative sample of the more

' recent test data, together with a review of the significant
conclusions that can be drawn from the data, will be represented

here.

Table 3-1 illustrates the format used for print-out of the
raw data, together with interim processing of these data, on a
real-time basis. The first 40 lines of a temperature run (with
I the full run covering a 60 hour cycle) are reproduced here. Each
set of data logging includes two sequential pairs of dual-mode

, B.', C.'., The values ir the

freguencies in the sequence Bi’ C i i

i

) column TMODEl are the average of the Bi and Bi' readings; the
column TMODE shows the differential between these two readings.
The column CMODE gives the CMODE readings; the column CMCDE

; shows the difference between successive rows of CMOLCE values
(Lere separated by a sampling time interval of approximately 51

seconds, as evident by iﬁspection of the TIME column). TAPPRCX

) approzimates the apparent temperature of the guartz rescnator

3-13
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CRYSTAL TYPE: COLORADO CRYSTAL $/N 1
SC~CUT M+Z SRD QVERTONE

FREQUENCY REFERENCE: 2310£-*
CRYSTAL ORIENTATION: <X
RUN STARTED: J7 JUNE 1982 10150AM FREQ STD ACCURACY: JxinNE-®

INCIDENT CRYSTAL POWER(MICROWATTS): B-mODE: (.5 C~mODE: 4.5
INITIAL QVEN TEMP: =4

INITIAL T-MODE FREQ: S4781246

INITAIL F~MODE FRED: 4999972,

™AX: &S TMING -33 TEMPERATURE PROFILE:

1 DEGREE C/13 MIN (NOMINAL): A SLOW RATE FOR STATIC HYSTERESIS STUDY
SES2EEXSEEEEESSSRESSSEREEERRSASERAENSESESRISSLREENTLRLES

A(D)e=01, 701882

A(l)= ,0185302

A(D)u=g, 01 70229E~7

A(S) ==, 35402941498~

A(4)8=3, 94 5081778~

A(S)® 1,770633068E-20

Aca)m O )

THE FOLLOWING PRCORAM [NPUTS BsC MODE FREQUENCIES FROM COUNTER
NPSIISA AND STORES DATA ON THE FLOP®Y DISC. A DATA FILE CALLED
S$XTALDATAS 1S CREATED.

NQ. TMODE!R “~TMODE =g o 4 “CMODE TAPPROX TIME ~F/F DEV X KZ

1 S478134.08 -.57 4999972.13! . +24.01 39462 4

2 Se78133.3° -. 68 4999972,:39 =012 +24.00 393:2 *1.32E-08 ~@. 1464
S S470134.9° -. 80 4999972,.124 -.018 +23.9¢ S9SAS *1.31E=08 «6.14Z
4 S478138.83 -. 89 4999972,:08 ~.016 +23.% 3% 14 *1.54€-08 ~4@.167
S 3478140.92 =1.03 4999972, 089 -.019 +23.% 39663 *1.54E-08 +8. 169
6 S478142.32 =1.13 4999972,067 -.022 +23.94 39716 +1.3TE-08 +8.:72
7 S478143.93 ~1.2% 4999972,043 -, 028 +23.92 S9768 *1,.2E-08 +8.173
8 3479140.71 “l.28 A999972.01° -, 028 +23.% 39818 *1.37€-08 +8..177
9 S47€1351.22 -1.47 499997:, 592 -.Q27 +23.88 39868 »1.36E-08 +8.180

10 Sa78123.22 -1.99 4999971,938 -.034 +23.8% 39919 *1.60E~08 ~8.184
11 Se79129.80 =2.21 4999971 .91° ~.043 +23.82 J9970 +1.618-08 ~@.:8°
12 Sa78164.93 ~2.39 4999971.846 -, 047 +33.78 40021 *1.60E~08 -8.1!94
13 2478170.06 -2. 4999971 .a22 -.046 +22.7% 40073 *1.41E-08 +8.199
14 S478172.38 -2. 4999971,772 -.020 +23.71 40133 *1.62E-08 +8.20%
1S T478181.49 -2. 4999971.718 -. 084 <+J3.66 40174 «1.49€-08 -6.211
16 S478188.07 «2.97 4999971.4637 -.061 *23.41 40223 +1.70€-08 +8.2:8
17 SA78194.74 -2.94 4999971, 3594 -.061 +23.36 40276 -1,72E-08 222

18 2478201.41 -3.18 499997y, 232 -, 064 +33.31 40328 - +1.71E~08 +8.22:
19 S478208.8% «3.%8 4999971, 463 -. 049 +33.48 40377 *1.746E~08 +8.23%
<0 Z4782:17.08 -2.78 4999971, 386 . 077 +2T.40 40429 -1.79€=-08 ~g.248
21 S47822%.%8 =3.784 4999971, 303 -, 083 «33.34 40479 «1,74E~08 -8.23%T¢
s S478232.99 =3.73 499997 .22 -. 077 «23.28 40830 «1,80E~06 +8,26%
23 S478242.2% -3, 99 499997 143 -, 081 +33.21 403881 «1,84€=~06 «6,27T
24 24782%).464 4,12 4999971, 028 -. 087 +23.13 40632 -1,87E=~08 8,283
22 3478260.93 4,13 4999670, 948 -, 090 +233.08 40683 -1,87E=~08 ~8.292
26 3478270.17 «-3.99 4999970, 881 -.087 +23.01 40732 *1.91€~08 ~8.301
7 S479279.2 4,37 4999970, 790 -, 001 22,99 40782 1, PIE=~C2 8.7
28 JA478289.40 4,72 499997C, 490 -, .00 +22.97 40836 *1,94€~-"8 +8,22:
29 3478300.09 4,74 499967C, 282 -, 108 +22.79 40886 -l ,96E-08 +6.332
© 20 3478310.70 ~4,42 4999970, 482 -, 103 +22.72 40937 *2.00E~Q08 +§.343
S1 S478321.0% -4,97 4999970, 381 -, 101 <*22.e4 40988 *2.0%E=~08 +§8.2T3
22 2478231, 44 -d,74 4999970, 27N -, 106 +2.5%7 41040 «2.0%E~03 «8.264
S Ta78342. 1% 4,74 A99997C, 148 -, 107 +22.49 410%0 +2.08E~08 -§,773
T4 T4783TI.7e -d,.4C 4999970, 061 -, 107 *22.41 4114 «2.1CE~08 ~@,238%
I8 2a79362.99 4,28 4999949, 340 -, 101 22,3 41192 *2.10€~08 +8, %%
36 3478373.02 -4,7T 4999044 3TT -, 107 «22,27 41243 «2, IJE~CE ~2.430s
37 3a479283.93 - 4,98 4990949, 742 -, 111 +22.19 41294 2. ANE~C8 +8, 4317
T8 T47839%,.14 -4,91 4999949, 52 -, 117 +22.10 41248 «2.JCE~0E -8, 408
39 TA7B40s. 1L -4,7T 4999949, 3513 -, 112 +22.03 41396 *2.2TE~08 -9, 4T3
40 S478416.62 4. 7T 4999949 401 -. 112 *21.°3 414418 ~2.24€~08 +8.4%0

TYPICAL PRINTOUT OF B & C-MODE DATA
ON REAL-TIME 3ASIS

TABLE 3-1
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Y

under test (based upon an assumeé linear relationship betweer
B-mode freguerncy and temperature of -138Hz/°C over the full
opérating range) .

The tabulated frequency deviation values, & F/F, are shown
relative to a S5th degree polynomial. The polynomial
coefficients, once derived from an initial "“calibration" run, can
be utilized in all subsequent runs to neasure hysteresis, aging
effects, etc. The last column shows the offset B-C frequency
value (in kH2) that is used as the independerit variable in the
polynomial freguency correction expression.

Certain initial information must be provided by the
oreration prior to a new run (e.g., type of crystal, incicdent
crystal power, planned temperature profile, etc.). This
ancillary information, as shown, is also stored@ on each disk and
is used to aid in subsequent identification andé analysis.

In addition to the hard-copy digital printout, the computer
terminal provides a real-time, ongoing display of the frequency
deviation of the individual readings as they are accurmulated.
This visual display can then be "dumped"” onto a printer/plotter
upon command. Such a plot is shown in Figure 3-6. This
represents a total of 4,000 readings, taken over a 6C hcur
period, at oven intervals of less than 0.19C. The lichter, upper
trace indicates data taken during the cecreasing temperature
portion of the cycle; the heavier trace (formec¢ by the broad
synpbol 'o', rather than a simple '.', indicates increasinc

crystal temperature.
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Several significant features can be noted in these plots.
Even at the relatively low temperature rate of +5%/tour, there :is
a clear-cut displacement between the increasing and decreasing
temperature curves: roughly, a freguency differential of #1.5 x

8 is seen between the negative rate and positive rate

10”
sections. There is also an observable activity dip in the
B-mode; for this particular crystal, the transition occurs at
approximately +68°C. similar B-mode activity dips have keen
observed in the other crystals that have been tested. In some
cases, it has not been possible to maintain satisfactory
operation over the entire -559C to +85°C range; however, for this
crystal (Colorado Crystal Co; S/N 1) the dip shows up simply as
an abrupt transition, with a frecuency deviation step of less

8 in the apparent C-mode compensation term,

than 3 x 10

Figures 3-7 and 3-8 show comparakle performance at higher
oven rates. Figure 3-7 si. uws one complete temperzture cycle at
an oven rate of :IOC/B rinute (roughly, quacdruple the rate used
for the Figure 3-6 run). However, there is only a moderate
increase in the separation of the upward and downward temperature
regions.

Figure 3-8 shows the cluttered "real time" plot that results
when all data from a complex temperature run are displayed on &
single pleot. In this instance, the quartz rescnator was cyclec
over two separate low temperature and high temperature

sub-regions as well as an additional two cycles over the full

-55°%C to +95%% range. The cormputer program is set up =¢ that, in

3-17 S
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subsequent analysis, selected segnents of the stored raw date can
be retrieved and analyzed. This capability is shown in Figure
3-9. The left-hand hysteresis loop shows an intermediate segment
in which the oven temperature vas increased and then decreased so
that the crystal, while at a temperature of -32°%C from a previcus
temperature cycle, was raised to roughly -5°C and then returned
to -329C (over a time interval of 1 hour). The right-hand
pattern shows similar resonator behavior in the high temperature
region between +60°C and +85°C: the upper dotted trace shows the
frequency deviation during the temperature decrease, and the
points with the square symbol show data taken during increasing
temperatures. The step transition due to the activity dip is
clearly evident in each trace.

The most striking feature of the dual mode frequency _
behavior is the high stability and repeatability of the frecuency
deviation patern for successive runs under similar test
conditions. There is also clear evidence of a repeatable
hysteresis or thermal shock effect during temperature cycling.
The test results indicate that simple temperature compensation
(e.g., without additional compensation for the rate of
temperature change) cannot yield the highest accuracy. For

8 accuracy it will be necessary that

example, to achieve 1 x 10~
some form of thermal rate compensation be employed. If the

functional relationship can be determined, either on an empirical
or physical basis, any required additional computational task can

be readily accomplished by simple microprocesscr means.

3-19
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For static temperatire compensation, the computed freguency
compensation term, P(TEMP), a function of temperature, is assumed
to approximate a polynomial power expression of the form

P(TEMP) = A, + Ax + A2x2 + " ANxN. (Eq. 1A)
Thermal transient compensation can be included by modifying this
expression to form a new compensation factor,

P'(TEMP) = P(TEMP) + K [1 + K(2)*(T, - 25)] (T, = Ty (Bq. 2
(t, - t)
2" 5

where K and K(2) are thermal rate coefficients and ('r2 - Tl)
represents the change in crystal temperature over the time
interval (t2 - tl). The K factor introduces a frequency
compensation value that is directly proportional to the thermal
rate at any point in the temperature cycle; the K(2) factor, on
the other hand, introduces a secondary correction that also
controls the rate compensation as a function of crystal
temperature (thereby permitting differential adjustment of the
rate corpensation over the lcw temperature and high temperature
regions).

A limited number of data analysis runs were made to
determine a pair of suitable values for both the K and the K(2)
coefficients. For example, Figure 3-10 shows the freguency
deviation relative to a derived fifth order frequency-temperature
polynomial for a dual mode SC-cut crystal without rate
compensation., The upper trace (small dots) represents data taken
during decreasing temperatures; the lower trace (small open
squares) indicates corresponding points for increasing

temperatures. The environmental chamber was programmeé to give a

.....................................................
...............
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temperature ramp at an approximate rate of :0.S°C per minute. A

8 is obvious »

frecuency deviation differential in excess of 2 x 10”7

i between the decreasing anc increasing portions of the temperature

' cycle. Figure 3-11 shows the same data but with a thermal rate
compensation factor added to the static polynomial temperature )

compensation., It will be noted that the previous differential

g offset has been markedly reduced.
Pigure 3~12 and Figure 3-13 show similar results for another »

run, several days later, at a higher thermal rate (slightly in

f excess of $1°C/minute). Figure 3-12 shows test results with only

H static temperature compensation employed. Figure 3-13, with a ;“’*

noticeably smaller deviation differential, is based on the same

rate compensation factor used in Figure 3-11 (namely, K = -1 x

106 per °C/second, and K(2) = -0.005). Inspection of Figure

3-13 indicates a small measure of overconpensation in the thermal

rate factor. A value in the proximity of K = -0.9 x 1078 wouls E;'gj
perhaps have provided better rate compensation over the full E:ii
temperature cycle of this particular run. Figures 3-14 and 23-15, »

for the case of an intermediate thermal cycle over the low

temperature region of -8°C to -32°C and return, again illustrate ."
the advantages of incorporating thermal rate compensation. We )
again see evidence of overcompensaticn if we employ the jglﬂ;
"baseline® values of K = -1 x 10°% and R(2) = =G.005 that had .

- T W § W wev v

been derived frcm the data in Figure 3-11.

From these data it c¢an be concluded that the linear form of

thermal rate compensation employed in these tests, although

L
P
S
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el

offering a very useful and significant improvement in accuracy,
] does not provide complete compensation over varying environmental
conditions. A non-linear expression (e.g., one using the sguare

-

root of the measured thermal rate) or, alternatively, inclusicn

AR AR
. AL
PRI TSV OS TOUDY Ry VI

l of a thermal acceleration term might, on an empirical basis, give
better results over a wider range of environmental conditions.

A portion of the observed frequency displacement during

A gl o4

-

& temperature cycling may be due to hysteresis; however, it is
difficult to separate hysteresis effects from the residual
frequency differencies that are observed at the lowest thermal

» rates (+5°C per hour) used in some of the environmental testing. )

Figure 3-16 illustrates the comparative fregquency deviation

. pattern of an SC-cut 10MHz crystal cut to have a lcwer turnover

—

] temperature in the vicinity of +5°C for the C-mode (2rd overtcne) -
frequency. The dotted trace shows the response for decreasing ;ij
temperatures; the heavier trace shows the increasing temperature jfi

‘ portions of the thermal ramp cycle (at the slow rate of S

4
:0.25°C/minute). This pattern differs from the previous plots in 1
that the thermal transient behavior appears to reverse polarity

> in the neighborhood of the turning point: at elevated
temperatures, the observed deviation for decreasing temperatures
falls below the readings for increasing temperatures. Also, it

.' appears that the thermal shock (or hysteresis) effect is
relatively small throughout the low temperzature region.

»
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It should be recognized that plotting of the data in terms
of the frequency deviation from any particular polynonmnial or ) i
other analytic "baseline reference" is an expecdient that

facilitates data analysis and interpretation. The observec

deviation and structure of the "frequency deviation™ pattern )

cdepends to a considerable extent upon the assumed degree ¢f the

polynomial. If too low a degree is selected (e.g., linear,
quadratic, or even cubic), the resultant deviation values will be
excessively large (thereby requiring a less sensitive and less
useful scale factor for the data plotting). On the other hand,
use of a high degree polynomial (e.g., 9th or 10th), although
capable of reducing the apparent deviation values, probably
detracts, rather than assists, in the data interpretation
process.

The accuracy attainable by an operational ECXO system is not
necessarily limited by the apparent deviation relative to any
polynomial approximation. With a suitably designed "lock-up”
compensation table, for example, the individual table values can
more closely match the actual frequency behavior cf the resorator
or ECXO oscillator. The ultimate accuracy will then ce
determined by any lack of repeatability in oscillatcr
performance, together with the quality of the "look-up" table and

associated interpolation procedure.
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SECTION 4
SUMMARY AND CONCLUSIONS

4.1 SUMMARY AND CONCLUSIONS

The program has achieved a major objective in that it has
produced a better understanding of the behavior and
inter-relationship of the B-mode and C-mode frequencies of SC-cut
quartz resonators. The investigation has demonstrated that high
stability, re-traceability, and accuracy are intrinsic to dual
mode operation of such resonators. The experimental results show
that the stability and retraceability of the dual B-mode anc
C-mode frequencies, except in narrow temperature regions where z
B-mode activity dip is encountered, is capable of providing a

8 over an extended

frequency accuracy of several parts in 10
temperature range of -559C to +100°C. This potential represents
a 10 - 100 fold improvement over conventional TCXO oscillators
using analog-voltage varactors for frequency compensation.

The B-mode activity dip in some crystals results in a
roderately small frequency perturbation over a limited

& cver a few

temperature span (e.g., a discontinuity of 3 x 10~
degrees Celsius). In other crystals, however, the interference
may be so severe that normal oscillation ceases. The guesticn
must therefore be raised whether the B-mode activity dip protlen
can be eliminated (or circumvented) by modificatior of the
crystal design. Is it feasible, for example, to design an SC-cut

crystal so that any activity dip, if present at all, will fall

outside the normal coperational temperature range? (Several of
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the resonators used in this study had a single activity dip ir

I the neighborhood of +65°C. Could this interfererce temperature

. region be increased to +85°C, or even higher, without introduc:ing
another dip at some lower temperature?) Or, is it feasitle to

. dimension or contour the crystal to suppress interfering rmccéal
signals to a sufficiently low level so that the interfererce
effect will not be too great? In summary, the activity dig

proklem appears to be the most severe obstacle to the use of dual

>

B-mode and C-mode frequencies for ECXO compensatior purpcses.
On the positive side, the B-C differential frequency moce of
) operation appears to offer several significant advantages cver
alternative techniques of measuring resonator temperature. Use

of the B-mode frequency provicdes a high freguency vs. temperature

sensitivity. There is roughly a 2C kHEz change in the B-C

LA

frequency over the -55°C to +95°¢ range with a 5 MEz S&C-cut

et
PO PTOrErw

resonator (corresponding to a slope in excess of 26 ppm/oc
i normalized to the C-mode frequency). This high sensitivity ] )
relaxes the resolution and precision requirements of the cdigital
counter required within an operational ECXO.

The excellent performance observed at the lcw tenmperature

PR N S

extreme was not anticipated prior to the investicetion. It rad ]
been thcught that the stability and accuracy of the dual-mcde ;faé
compensation technigque would deteriorate because of the steep ‘
slope of the C-mode frequency vs. temperature characteristic in \;:j
thie recion (greater than 2 ppmo/C). To achieve a ifrecuency ' iéb:

8

compensaticn precision of #1 x 10 ° with this severe C-mode slcpe
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implies a thermometry error c¢f less than #6.005°C for the C-moce
freguency.

With TCXO oscillators, the crystal's cut angle and turrover
temperature must be carefully chosen so as to minimize either the
maximum slope or the maximum freguency excursion over some
selected temperature region. From the results of this
investigation it does not appear necessary to put the same
restriction on SC-cut quartz resonators to be used in dual noce
ECXO applications. & steeper frequency vs. temperature slope rnay
require a wider range or higher resolution in the ECXQC look=-up
table or compensation algorithm, but that is a distirct problen
frem the question of the intrinsic stability of the quartz
resonator. Specification of the lower turnover temperature c¢f &n
SC-cut crystal intended for dual mode (B- and C-mode) ECXO
cperation will be determined, not by an intrinsic instability of
the gquartz material at either temperature extreme, but rather, by
the minimum spacing of the stored compensation values in the
lock-up table together with the quality of the interpolaticon
alcorithm used for intermediate temperature points.

It needs to be recognized that the factors that limit thre
ultimate performance of an ECXO oscillator, including the
limitations of the resonator itself, have not vet beer fully

established. Design criteria that have been develcpecd over :i

m

past decades for conventional TCXC oscillators are not lirRely

-

or
O

be applicable to the development of ECXO systems.

The contract study has also demonstrated that thermal
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transient effects cannot be neglected if hich clock accuracy is
to be achieved. Temperature rates as low as +5%C/hour curirg
temperature cycling produced noticeable frequency offsets, Ecue

of this deviation may be due to "hysteresis"; however, a better

method of defining and measurement of "hysteresis” under changincg
conditions of temperature cycling (with variable temperature

limits and under different rates of change) appears cdesireable.

v

The test results to date show a significant improvement if
some degree of thermal rate compensation is used to augment the
fundamentzl compensation for frequency-temperature dependency.
Further investigation will be required to determine the mest

appropriate rate compensaticn algorithm that will provide "best”

" ff,.ﬁv-la_.,

per formance, in an empirical sense, over a wide range of
realistic environmental conditions.

All of the test data presented in this report are shown as

frequency deviations from either a 5th or 6th degree power
polynomial. This procedure allows the indivicual raw data points
to be graphically displayed to a high resolution level cn a
single plot covering the entire temperature range. An
operational ECXO unit, however, is likely to employ a detailed
look-up table in which the stored compensation values follcw the
actual, measured data points rather than the assured polyncmial
approximation. The scatter and retraceability of the data,
rather than the deviation from an arbitrary approximaticn, ther

prcvides a good measure of freguency accuracy.

cr
0t

Inspection of all data for the various runs ircicates

.. . B N e e
. R R P L S A
. ~ - - - SR Wl SR VLAY Vil SR W WA Wl WA . |




o c—.‘v.- "Vf

SN JR e st g ———

£

an average frequency accuracy of several parts in 108 for the

SC-cut quartz rescnator elements) is attzinable with duzl mode

frequency compensation. From this it can be concludec that an
ECX0 clock error of several millisecond/day, or less, is pcssitle
if the resonator performance is not seriously degraded by the
oscillator circuitry or external compensation processing. There
remains, finally, the problem of aging and frecuency
recalibration. All operational ECXO clock devices must include a
suitable mechanism for both periodic time synchronization and
periodic frequency calibration (syntonization). Any realistic
estimate of clock error must take into account the probable (c¢cr
worst case) error in syntonization and the time interval between

time updating under anticipated military usage conditions.
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APPENDIX A ;
MEMCRANDUM ib;
FROM: Eob Nelson e
TO: Donnell, Baltzer, Stone, Quinones

SUBJECT: A Hardware-type ECXQO Digital Compensation Circuit

Figure A-1 shows a design for a hardware-type ECXO compensation o
k: circuit, T

‘ The B-mode (5.5 MHz) and C-mode (5 MHz) crystal outputs are

first prescaled to 43 and 39 kHz respectively. The 39 kHz is

divided by the lower-left programmable divider to 1 Hz. This - -
divider is preset with a value between 26464 and 26480, for a S
division ratio between 39072 and 39056, or 5001216 anc 4999168

overall, respectively. This range of division ratics ccrrespends ;;;
to the range of C-mode frequency which the design car tclerate.

The exact division ratio is determined by the value, 0 to

16, to which the 5 lowest divider bits are preset. This value is S
the 5 upper bits of the 2l1-bit sum of a 20-bit stored correcticn

with a 16-bit remainder from the previous such surmation, The

use of the saved remainder to bias subsequent corrections neans
that the 16 lower bits of the correction have the same effect on
the average as if they actually preset the divider with a 4-tit
integer and a 16-bit fraction.

The relationship between the stored correctiocn, K, ana the
C-mode frequency, f, may be seen by realizinc¢ that the fixed

preset, plus the correction, plus the counts caused by the 29 khz
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clock must total to the full range of the divider, 216 Hz ur

3.90625 x 10710

x £ (at £ = 5 MHZ).

The summation is done in serial by 4-bit words. The
impending overflow of the divider is detected and used to enaktle
shifting by fours of the 16-bit remainder register (lower-right).
As each hexadecimal digit is shifted off the right end of the
register, a correction digit from the 27Cl28 memory is added to
it and the sum stored in the left end of the register. A single
54C74 flip-flop saves the carry. After 4 shifts, the register is
back to normal and has been incremented by the 16 lcwer
correction bits. The last 4 upper correction bits are added to
the carry in the last period before divider overflow and stored
in the 5 lower divider bits along with the constant 26464
(676016) in the 11 upper bits when the divider is preset at
overflow.

Only part of the 16384 x 8 correction memory is actually
used. The corrections are stored as 5 x 256 x 4, but another 256
x 4 area must contain zero to insure that the carry flip-flop is

cleared before the first summation. The memory map is
ADDRESS DATA

00000XXXXXXXXX XXXXXXXX

00001 0XXXXXXXX XXXX0000

000011AAAAAAAA XXXXRRKKK (LSW)

000100AAAAAAAA XXXXKRKK T
000101AAAAAAAA XXXXKKKK S
000110AAAAAAAA XXXXKRKK

000111AAAAAAAA XXXXRKKK (MSW) -
All Other Locations XXXXXXXX o

A = correction address K = correction T

.................................

...........
........................
------
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If.desired, the 3 upper address bits could be used to select
among 8 sets of corrections to allow a small ageing adjustment,
or to produce intentional freguency offsets.

The corrections are selected from second toc second by
counting the 43 kHz prescaled B-mode signal in the 8-bit counter
in the upper-right. This counter, of course, overflows many
times during the second, but its final values cover a range of
about
(5.5 MHz x 2~/ x 1 sec) x (26 x 107%/c x 140C) = 156. This
assumes a 26 ppm/C frequency vs temperature slope for B-mode and
a 140° temperature span.

As the divider approaches overflow, the output flip-fiop in
the upper-left is set synchronous with the 39-kHz clock. 1Its
output is then synchronized with the 43-kEz clock and the rising
edge detectedé. This sychronously resets the counter and loads
its final count into the 8~-bit address register. Simultaneously,
the memory is enabled through the end of the summation process.
The count copied into the address register is always one less

15

than the correct value (module 277), because one count is lost to

resetting the counter.
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ETIMT NG P TAER 7 e T-FREQ (HZ) "1 TAE (211 "F=FREQ (HI " Tal
Cla ot v MINDUITARE (ST MTIMEY i TAE (88 1 "TEMF (RFERCOX
S sdjo =N O T D 2=
A2 FCF J=2 TO 2%D+1
T oA r=10
LrOMEXT J
2 FQR k=1 TO D+§
TTL Tk =0
T4 NEXT H
T OASSIGN# L TO "XTRALDAT:" ! NOTE:Must match disk file name! XXXXXXXXTXXXK
T FOR OI=1 TO rOTAL
T FOR J=1 TQ o
T30 RERAD® L B(I.J)

X
y

5

T30 NEXT J

S0 BOILL)BNCMF (1) /10.23% (BT, 1)+1077) @ B(I. T SNOMF (1) /10.24% (B(I. 2y +10 ™)
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A, MEXT I

Z%0 TOR I=_ TO M STEP S

e Y= e8I 1)+ (LT /2-8(1.2)=-XCONST ! Qperator must raplace XCONST with a

numeri:c chosen to raduce magnitude of X over the temperature raange
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Liviar NEXT
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1 90 & g,J o
Cred IF RGELJ) .. 0 THEN 11%0 : E
LLin pak ) EPEAEE
1120 IF .= D+t THEN 1100 RS
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DIGF USING 1320 ¢ To(3 [ 10+B8 0,300 2, Bl 20 oo Fy oy =F NOMF 20 L

1}
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A
T
B
3
:

TF SRMT=aL0 THEMN 1310 EL3E 1340 ' Frints e@very 1OLh live 1m sampiatst2n 38
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S

dmods M L SSNGMF D) S 10s B FeG/N/NOMF (D /108 @ FRINT
2 FRIMT TAE (Z):"wex STANDARD DEVIATION (“F/F) = 3y
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1437 30SUER ZiTu
o 30EUE 1970
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{32 EMD
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LS r=R(1,.2)=10001000
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1320 FOR J=t TO D
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2010 NEXT
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[F xCOLD-X THEN 2060 ELSE 2070
LABEL "." @ BREEP 10,100 2 GOTO 2080 ! Labels decreasing tamp socints
L=BEL "o" @ BEEP 15.100 ! Labels increasing temp points

|3
i
£

z “CLD=X
20 NEXT T
2 Ziut GEEF 40,100¢ @ BEEP I0, 1000
i 2110 WALT 20000
g 21l DUMF GR&PHICS
2130 ALPHA X
i+ DISF "ADD COMMENTS (REFEAT TYFE JF CRYSTAL. DATE RAW DATA.ETL(NC CIOMMAZD: o
- L8 IMFUT CCMMENTTZS . S
g Iiad FRINT @ FRINT COMMENTIS s
N IiTa RETURN : ]
» SR A NS R 332 I RN P PR320 2222823328332 338322233 2228283 ¢RR288RRtE!
Z1F0 FEM KKx FOLLOWING PLOTS THE FRAME AND 4&XES KX ¥ k
FEM XL RN XK KKK R KKK AKX Y (KKK R
. CLERR T
- FLITTER IS 1 R
: Z=% . raexxexC=S gives full scale vertical Y-AXIS=+/-Zx10 -3 SRS
. SRaFHALL AT
i “OCATE 29,200,1%5,30
e TRAME - :‘
LEG o
FEM rx XMAX and <MIN must be modi‘ied to match observad :MsX anag *MIN e
SEM % ~lso. all other horizontal scale values mnav Need 0 be mog:‘tisg T2 T
1 .@ correct label positioning AT
<D0 AMAY=1O00 @ XMIN==-1200 ' Adjust to observed XMAX ang XMIM for %23t o tal S
Tl CELZIE ¢
S CALE tMAr, XMIN, =C. 2
T dIS tMIM, .S -C.C




] '
ACES 1ol imas -2 S 0304
DVE OTMRL TS, - L 4S50
Y -
2EL "JFTSET T-F FREQUENMCY HI»*™ S
VE S AMX=1400, - (, 3%0) e

| Zohnr _aBEL "RAW DATA: ":RDATES =
S MOVE (MRX=600,1,4%C

. I3IZE 4
I LABEL "AFFROx TEMFERATURE (G ¢
4 MOVE (MAX+100. ~(, 290
S CEG -
4u LDIR 90
. 47T _ABEL 'TFsF FREQL.DEVIATICN (10 y " -
[ 24310 MOVE XMAX+113..99xC

2497 LABEL "-3"

IZ00 MOVE XMAX+L1.0Q

I LIMNE TYPE 3

ZZ20 DRAW (MINLO
‘ 2 T=-55
- 2T30 FCOR [=0 TQ T1 STEF 1 ! % Gives temperatur& span from -35 Lo +25 C -
) SE%0 XmiMAX=1O=1c (XMAX=~XMIN) /1
) %50 MOVE X. !, 0%5XC
2T70 LABEL T+SxI
2587 MOvE X, .?35xC R
IESO LABEL M-t o
Zanmr NEXT [ :
~al¢ RETURN
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N
R
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=RIJT
FEIMT
ERINT
SRIMT
SR INT
FRIMT
FeIMT
I FRINT
O RRINT
2 FRINT
&

. be m ba
[N 1) ‘51*"'
»nn

mn

v

4

1

W

Y N R T

Phe T

. FRINT
-7 FRINT

C ERINT
23 FRINT
SRINT
FRINT
3 ORRINT
IT0 FRINMT
FRINT
¢ ERINT
Tan BRINT

DOFERINT
0 PSINT
TG RRINT
FEINT

FEINT

vl O TRPRCOFILES(1&0], IDENTS(4) {1281.MODES (4> (541, COMMENT [ SLL1&01.Rln,
7 MRS5S 3TORAGE IS

10

CFERTE

T p——y————

APPENDIX C

4028  27T44. 772

LSRR RS SRS SR RN ERRREP TSRS RPNl RAR Ol iR RNl NS S
"R FROGRAM "DRTA/FLOTLS REVISED 1-10-24 o
"“(!‘Kt!#'ltx‘l!x!*!KX‘!X!‘I‘!!X!*K**K!XX!!!’I*!*‘K*K‘*XKXI!K!&(l‘lKX’#flmtxx"
ER I8 T0S

RS2SR 2222222053280 00002Vttt s sttt ittt esnsss st e at il
"% THIS FROGRAM "DATA/FPLOT:" CONTRCLS 4 CHANNMELS GF ™MODEL 2107 Lo
"% REFLECTOMETER.STORES & RAW CCUNTER READINGS UM DISK, FRINTI 2UT r-
"¢ B%C MODE FREQ(S.48%5.00MHZ [N THIS RUM)FOR THE TEST RESONATRR X
"* (CHANNELS © % 1) AND THE B % C-MODE FREQUENCIES JF A REFEFREMCZ ¢
"% CRYSTAL (COLORADO CRYSTAL CO :;5/N 1) USED TO MEASURE AFFROXIMATIZ ¥
"* QVEN TEMFERATURE. THE T-MODE FREQUEMCY OF THE TEST CRYSTAL IS5  x¢
"% ASSIGMNED TO CHANNEL ©: F-MODE FREQ TO CHANNEL (. THE B-MODE L
"% OF THE REFEREMCE CRYSTAL [S ASSIGMED TO CHANNEL Z: C-MODE 70 (8
"¥ CHANNEL 3. IF THE PROPER POLYMOMIAL COEFFICIENTS ARE kNCWN FOF ¢
"% THE TEST CRYSTAL AND KEYED IN BY THE OFPERATOR. THE SREQUENCY v
"* DEVIATION OF F-MODE FREQ RELATIVE TO THE FREDIZTEDR ~OLYNOMIAL "
"% YALUE WILL BE PRINTED OUT AMD ALS0O FLOTTED:'(OM THE HWF-87 CRT) L&
22 R 22 R Rt R TRt

B2 2 2222222232032 23303203208 323328333 32328233332 238320

“¥ NOTE: VARIOUS CONSTANTS [N THIS PROGRAM MUST EBE MODIFIED TG ~IT x*
"x THE SFECIFIC CRYSTALS TO BE USED. CONSTANTS USED HERE AFFLY T2 x¢
"% COLORADO CRYSTAL S/N 2 IN CHAN O/! % COLORADO CRYSTAL 3/N 1 [N ¢
“¥ CHAN 2/3. ALSO. THE QOPERATOR SHOULD CAREFULLY FOLLOW " INFUTS "
" INSTRUCTIOMN ON CRYSTAL I.D..SYNTHESIZIER FREQUENCIES (MODEL 2127y ,.=»¢
"x PLANMED TEMPE,.ATURE PROFILE.ETC. THIS IMNFC TO BE STCRED OM FILE ¢
“% NAMED *HEADER: ™ sALL COUNTER FREQ READINGS STORED ON " XTAL.DATA: x
"X FILE. i=10=3a x"

AR R R R 22 R 00 R R R 2R RS0 R RRRE e

N

"1 D700 ! Uses floppy: Winchester requires Jdiff2raznt addrsgs

"HERDER1:D700",1,1028 ! xChange to "HEADERY/" or purge fila 1+ HKEALER!

alrzadv usaed as data file name

b
i

430

el

&

DISF
INFUT

0 OILEF
O1I3F

3

(RaR 1D

i
%14
m
"

DISF

A3SIGNS® | TO
R ZREATE
SSSIGN® T TO

mr FRINT @

"HEADER1L" '
"XTALDATA: D700

Must match nam@ 1n above line
«7.8000 ! Check CAT to ensure no duplicaticn
"XTALDATA: D700" ! Open a floppv disc +ile

“"FRAW DATA TQ BE STORED OM DISkE#:x:ix™: AMD FILE NEME™: " @

FHILES

FPRINT " DISK#":FLOFPS:"FILE: ":FHILES:TAR (s85):DATE :TIME
"INPUT PRESEMT DATE (IN FORM *2i1 DEC 847)" & [MNFUT DTES
"INFUT AFFROX TIME THAT RUN WILL START(INCLUDING "“AM" OF

ety

"FLAMMED MAX TEMF

po W

Al AR )

RLNDET R R
:“I“I

-

(Number onlv-—degreesC)" @ IMPUT TMaX

CRFEINTY [

DL3F
FRIMT
GIZF

SRIMT

"FLAMNED MIM TEMP (Number onlv-—-degreesC)" @ INMFUT TMIN
"TMmY= "3 TMAX:" QC":TAR (20):"TMIM= “:TMIN:" oC"
"FLANMED TEMERATURE FROFILE-!Z tvped lines max ') " @
"FLOFPY DISKE#":FLOFS: TAR (4%):"FUN STARTED:":DTES: "
e IMT "FLAMMED TEMFERRTURE FROFILE: ": TFROFILES
CI3F “"ADDITICMAL CCMMENTS™T (Up to 2 tvped lines:
PO IMFUT COMMEMTLS

FRIMT "MOTE: ":sCOMMENT.S &

INFUT TERCFILES
"y TVYMES

1f ngre, kevin M7 ino
CI3F @ DISP

FLCFPS,PHILES.DTES. TFROFILES, TYMES, CCMMENT (3
CCHAaMN" TAER (70 3 "CRYSTAL MFRYIDEMT": TRE (S0 'MODE":

FRINT TeE o7

TeEge

Cc-1

SZliMas




T2 T ' Assumes orlv 4 r2tlectometzar shanrels .n uze. vl I lhamnai
S Irannal I ouEag bw ca 1N 2ach c.Qle Lt crovide 5 ~aw dats charngls
: CIHEMNMEL®T: [t INFUT CRYSTAL MFR% IDEMT ‘But no Commnas' '™

t'g:-

IMFPLT TZEN

I IS5 "CHAMNMEL 4" I3 3 [NFUT QFERATING MODE 2 OVERTOME.FUND (13 crar na<: s .
Fol o MOLEs
Il 3F CCHAMMEL#": [ ¢ INPUT ASSCCIATED SYNTHESIZIEIR FRER@ (Im MHZ Jmihsz—-—m0 4.0
SR INaracs2rs ) @ IMFUT NOMF (I
7 SRINT TAB (i l:iTAR (7)) IDENTS(I):TAB (45) :MODES(I):TAE «~0) sNOMF (I,
cdT FRANT® 1 2 [DENTS(I)  MODES(I) . .NOMF(I)
33 MZXT
Tav FOR lao TQ T
Tl CISF txxyyxxx ZE SUFE TO KEY IN SOME “NUMERIC® FOR THE SOLLOWING sw¥rxty”
TLt 2IZP "INCIDENT CRYSTAL FOWER(MICROWATTS): CHAM#“:I @ [NFUT FWR'I)
TI FRIMT TAB 100 :"INCIDENT CRYSTAL POWER: CHANNEL#":I:": “":PWR{I):"MICRCW-TT"
Tail PRINT® 1 2 PWRI)
TS NEXT [
5. FRINT
7T ERINT “wY¥xxx ASSUMED POLYMNOMIAL COEFFICIENTS XXRLXXKKRKXXEKEAXXF KKK XRXR LA LK S
£xERT "
720 0=4 ! RAllows for a &th order polvnomial
‘e DISP "IF POLY COEFFICIENTS ARE NOT KNOWN., KEY IN *0O' FOR EACH OFTHE SCLLOWIN

8ue DISE " INPUT THE DESIRED POLYNOMIAL COEFFICIENTS . THE PROGRAM
313 DISF " ALLOWS SIXTH-ORDER COEFFICIENTS TO BE KEYED IN. ‘
oo DISF * FOR A FIFTH ORDER FOLYNOMIAL . KEY IN A(&)=Q." @ DISP & DISF
37 DIZF

340 JI3F "COMNSTANT A(O):"3w@ [NPUT R(1,.D+2)@ PRINT * ACQ)= R, D+2"
2T DIGF “CCEFF, Al INPUT R(2,0+2)%® FRINT " All)=":R(Z.0+D)
380 DISF "COEFF. ~(2): INPUT R(T,D+2)@ PRINT A(Z) =" 2 (T,D+2)
7 ISP 'COEFF. A(3): INPUT R(4,D+2)® FRINT * A(T)="1R(3,D+D)
28 RIsZFP "COEFF. A g INPUT R(S,D+2)@ PRINT A(dr=" R (T, D+21)
2% DI3F "COEFF, ALI) e INPUT R(s5,D+2)@ PRINT * A{S)="iR8,C+2)
= 0ISF "COEBFF. Aib) s ® INPUT R(7,D+2)@% PRINMT AlG)="RT7, D2

Jrooak WEYR T GOTO 240 @ WAIT 10000 ! USED TO "ESCAFE® ANMY TYFING ERSCR
o FOR I=1 T3 7
BT OPRIMTE L o3 BI1,0+2)

S MERY L
. 30 FRIMT “XXL%% F= A0+ AL XX +A(DIKXD + ...0. AN XX KXXXXXKEXXLFLTRT T
% o) LEZIGMH L OTO *
STORRIMT @ FRINT
20 BEIMT "MOL "1 TAB (7):"T-MODE(HZ) ":TAB (22):“~T":TABR (28):"F-MODE (HZ'": "AK - 42
CtTFESULIFTITAR (49 3 "TAPPROX "1 TAB (S0) 1 "TIME":TAB (70) ;" F/F"
1 Shr DL3F "THE FOLLOWIMG PCRTION INPUTS YARIOUS FREQUEMCIES SROM THE <FTTT:ar
f i DISF "COUNTER AND STCRES DATA ON THE FLOFFY DISC. A DATA FILE CALLSC"
' Lol QISP " x«TALDATDx IS CREATED. check CAT 4or duplication'”
3 taZo G08UB 1870 Cel
) LT LIME=D w 3K IP=0 % <OLD=0 @ COLD=G Sl
. L”-- FEM K KRR AR AKX K AKX TINIAAT RN v 7 R
LS ZEM exy FOLLOWING SUBFROGRAM CONTROLS THE 210~ SEFLECTOMETES. COUMTES vy » 4
ceE FEM R X R XXX AKX KRR KA KR KA XTI AR RC IR R Gy ¥
oo UM TIMER# 1,S0000 GOTO 149w ' Gives %0 second cvcla2 tine: nav De med: s ad
LUET 2QTD 1080 ¢ Idlae loog far timer .
CEC CUTRUT 7O 197" @ QUTPUT 70s 1 "HH" ' Mult:plerer selects CRAMNELS 207

SLwn grTeRLT TOT i tFM1Y ' Switches to COUMTER & channel

Lol M T I0n 0 Raducaed from 2arlier SO00 valuexX )

L.ol EMTER 727 ¢ CI ' Lgunter r2ading for Chanmnel 2 ts csmounar [ ]

SOTDOLUTRUT TOT s EMLTY 0 Switches to CoUNTIE B cRannel ) . )

Lol EMTER 70T 4 2T ¢ Counter raading for Shannel T otc computer R
C-2

.fLJ;-L=~-Lf.-LyLAL;;,L:Ju,-._.‘.Ll~ N A P S AL T S A AT A RPN I T T AT T,




e

- v TSPy e e i o Py Mt o TEt—
. - hand aas |
- *d
1
1
()
1
1
- ><
. ATEUTTAT g URNMLY 0 Swa tch Back to COUNTER 4 chanrel 4
LT MLV_' f..u_ ]
A tNTEF TAT 3 Gl ! Ind r2adinag of Charmnel I sent to computar J
D1 SLTRUT 708 1'XIY 0 Multiplexer selects CTHAMNMEL 0 %! ]
Ller JUTRUT TOF Rt ) Switches to COUNTER A channel o
=z wrl T T ! Reducz2d from 2arlier IO value - =
EHTZR 70T 1 C0 ! Countar reading for Channel O to computar y 1
JUTRUT 707 $"FM17" ! Switches to COUNTER B channel
CENTER TaT ¢ Cl ! Counter reading for Chanrel ! to computer
CUTFUT 707 $"FML" ! Sgcond switch to COUNTER A& channel
SENTER 707 : CAO ! 2nd reading of Chanrel O sa&nt to computar .
RE!t tx This second reading of Channel O 18 1ndicatad bDv "CAD' sxxxxse )
SEM xx Third reading would be CBu.etc. LR AR F A 9
LINE=LINE+] ]
FRIMTH® 2 : CO.CL.CAQO.CZ,CT.CAZ.TIME
"un FOmsiOMF (0) /10, 24X CO+107) 1 FAO=NOMF (0) /10, 24X (CAO+1077) ' Canverts counts
~ readinas to xtal freqs X
1200 FL=NAOMF (1) /710,24 (CL+10"7) @ FI=aNOMF (I) /10, 28X (CT+107) ' Zonverts ta érza 4
IZ0 FREMOMF (D) S10.24%(C2+1077) @ FAZaMOMF (D) /10, 24X (C2+10° 7)) ' Convers *o fracg 7
LZZ¢ FIQLD=F | @ FI20LD=F2 @ FI0LD=FT @ FOQLD=F ]
1230 FAOOLD=FA(0Q) @ FAICLD=FA(Z) ! Current F valuas becomes "old’ value
1750 TEMPCONST=8Z ! valid onlv for Colorado Crvstal a/m 1 TEERRR - A
1280 REM wxx FOLLOWING CONVERSIGNS NECESSARY TO MAKE USE OF A PREVIOUS PRCGERAM }

1270 BEMODEL=FO ! 1gt B-MODE reading for crvstal under tast

12380 TMODE=«F2 @ FMODE=FT ' Used to give TAFPROX from B%C MOCE asperat:or ®CHAND, T
FRIMT CHES(27)%"11L"

LI9G SMODEZ=FAO ! 2Znd B~MODE reading crvstal under tast

L400 CMCDE=FL ! In between C-MIDE reading for cryvstal under test

1410 TAFPROX==( (TMODE-FMODE-471Q00) /140) +TEMFCONST ' For us@ with Colgrads s.n~i e
L4200 = (EMODEL1+SMODEZ) /2=-CMODE=470000 ! B-C diffarenca fragq.with of+fsst <
L4T0 W=CMODE-30uQa00 ! Daviatian in Hz  for C-Mode :
1440 F=R:1,D+2) ! Inserts A(D) value T
L3S FOR J=1 TO D IO
idte) FEFa+R(J+1.D+2)XX"J ' Forms polvrnomial approvimation valua - 4
4T NEXT 3 . b
420 CDEV=CMQODE-COLD RS
1490 ZOLD=CMQORE y
LZon (F &“BS (CDEY) 20 THEN BEEP 10.200 .
IS0 IF ABS (BMODE1-EMODED) :T00 THEM BEEP 99,200 ZLSE 1320 B
1S =HINT USING 1320 : LINE.BMODE:,EMODE!-BEMODEZ,CMODE.CDEY. TAFERQx, TIME |, y=2 .
LS r
{350 IMGGE 4D.1X.SD. ID. 1X,S2D.3D. 1X.8D.3D.1X,32D. 3D, 1X. SID. 2D, Tx. =D, 3¢. 3:0. 0= B
145 FEM XKtk kA R R K K K R KA KA KK A A A K KA KR A KA TR AR KA KA CR T XRT A€ € ]
{350 REM ¥ THE FOLLOWING SUBROUTIME WILL FLOT THE INDIVIDUAL SQINTS 2M SL37 x

LSel REM KRR AR A A R K KA KKK Y AN E R X T AR KX TV PR KR T X QX P
1E70 ”=fw~='t‘0 !okxeZalid anly for SKALE=T Y% Freq=% MHI

LS8 MOVE X,

LS IS 'OLDmx THEN 1400 EL3E 1810
Lo LABEL ", w SEEF 10,100 ® GOTO 120

Lol LAREBL "o" % JEEP 13,100
1220 <QLO=x
PaT =EM k22X A long WAIT cam be ingart2d here %o slow dcwnh orimtau: ~ata
lod: OM FEY® 1 GUTO 208y ' Used to DUMP GRAFMICS
L=S0 3070 1630 ' [dle loop for cvele timer
Lo REM IX TR RN K XX A AN KK KT R AR R R XA AX E K F AT T ERXY P g
1oT0h SEM 1 THE FOLLOWING WILL FLOT THE FRAME AMD THE SXES s
LAE REM AR RN R R KRR KL KT KA KN E XXX KF X T PR T xRL
Le3G ILZAR ¢ GCLEAFR
TG SLDTTER IS
T S AlZE=S
Cc-3
bl - e tdaae 3 d o 1"‘- .y -‘---'\-\' . -;:.; :- ;1 :‘; L‘: .-.- _\- -.: _.- .\a :: Lt
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GRERALL
LOIIATE 20, 20, 3T

FRAME

LDEG

LT3l AMAL=19000 @ XMIN==I000 ' walid for Colorado Srestal S/N o limedi< s as ~eg 3
(T C3IZE 4

L7320 SCALE XiMAX L AMIMN, -SEALE. 3KALE

1720 AXIS AMIM,.S.-SKRALE.SKALE

1 1300 LAXES 200, 1, XMAX, -3KALE.S.. 3.4

! 1210 MGVE AMAX=-&000, =(1.4TESKALE)

- 1220 CSIZE 3
12870 LABEL "OFFSET T-F FREQUENCY (HZ> "
340 MOVE XMAX=14000, ~ (. 3XSKALE)
30 ISIZE 4

1380 LRAEEL "RAW DATA: "“:DTES

L3770 MOVE XMAX-ouQ0, 1.37XSKALE

1280 CSIZE 4

1390 LABEL "AFFROX TEMPERATURE ()"
LI00 MOVE XMAX+1800, -, 95KxSKALE)
L9190 DEG

LS20 LDIR 90

1770 LABEL "~F/F FREQ DEVIATION (10 )y "
1940 MOVE XMAX+1&00, . 9SXSKALE

L9%S¢ LABEL "“-8"

1280 MOVE AMAK.O

L2370 LINE TYPE 2

L3O DRAW XMINM, 0

{990 T=-9%

200 FCR O I=O TQ 31 STEFR 1

e——— 1i~17v,

SOLD XBAMAXFZIO-IX (XMAX=XMIN) /T
X 2029 MOVE X.1.0%XSKALE
- ST LABEL T+Sxl
. Zud0 MOVE X. ., ?TKSKALS
" Z0T0 LABEL e
- “irsu NEXT I
- 2T RETURN ' Return to 1030 attar plotting CRT frame

~.80 FRIMTER IS 70% & FRINT @ FPRINMT @ DUMF GRAFHICS
<30 GOTA 1080 ' Loop back to normal data logging after DUMF GRAPHICE
ZLon IND

c-4
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MISSION
of
Rome Air Development Center

RADC plans and executes research, development, test and
selected acquisition programs in support of Command, Conttrod
Communications and Intelligence (C31) activities. Technical
and engineering suppont within areas 04 technical competence
48 provided to ESD Program 0ffices (P0s) and other ESD
elaments. The principal technical mission areas are
communications, electromagnetic gudidance and contrnol, sut-
velllance of ground and aerospace obfects, intelligence data
collection and handling, information system technology,
Lonosphernic propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
compatibility. _
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